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Abstract 
  We have grown ȕ-FeSi2 single crystals by the temperature modulated TGSG method using Ga solvent and Fe0.98Co0.02Si2 solute 
to observe the solution growth process. Growth striations corresponded to the temperature modulation cycles were clearly 
observed in the ȕ-FeSi2 crystals grown using Fe0.98Co0.02Si2 solute, whereas they were not observed in the crystals grown using 
FeSi2 solute. SEM-EDX measurements revealed the striation was caused by the fluctuation of Co impurity. From the observation 
of striations, we found that the growth mechanism of ȕ-FeSi2 would be explained by the constant growth rate model and also the 
growth rates along <011> and <010> directions were larger than that of <001> direction. 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
Semiconducting iron disilicide, ȕ-FeSi2, is one of the candidate materials for infrared light detector, light emitter, 
thin film solar cell and thermoelectric device because it has the band gap energy of about 0.7eV, high optical 
absorption coefficient of up to 105cm-1 near 1eV and high Seebeck coefficient, and emitted around 1.5-1.6ȝm [1-3]. 
Natural abundance of the constituent elements and their low-toxicity are suitable for use in human-friendly 
electronic devices and large-scale solar and thermoelectric power system.  
For both fundamental researches and device applications, development of large-sized and high quality bulk 
single crystal of ȕ-FeSi2 is important. The temperature gradient solution growth (TGSG) using low-melting-point 
metals is a suitable method to obtain the bulk ȕ-FeSi2 crystal at low temperature [4-8]. The plate-like ȕ-FeSi2 bulk 
crystal with 10 mm in diameter is grown on graphite template by the TGSG method using Ga solvent [8]. However, 
the size of single crystalline region in the plate is limited in several millimetres. Furthermore, fundamental growth 
mechanism of ȕ-FeSi2 in solution is still unknown. In this paper, we propose the method to observe the solution 
growth process of ȕ-FeSi2 and study the growth process of ȕ-FeSi2 during the TGSG method.  
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Fig.1.  Modified the temperature gradient solution 
growth (TGSG) growth system. 
2. Experimental Procedures 
The crystal growth was carried out by a modified TGSG method. Figure 1 shows the growth ampoule and the 
temperature profiles used. Solute of Co doped FeSi2 ingot was synthesized by dissolving the 1 : 2 mole fraction of 
Fe (>4N) and Si (10N) and certain amount of Co(3N) in a purified quartz ampoule. The solute and high-purity Ga 
(6N) solvent were charged again in a purified quartz ampoule, and then sealed under a high vacuum (< 5x10-6 Torr). 
The ampoule was placed in a vertical furnace, which has a temperature gradient 'T at the elevated temperature, and 
the growth was done using the modified temperature program as shown in Fig.2. After conventional TGSG for 84 
hours, the furnace temperature was modified between HG1 and HG2 with the cooling-down time (tc), the holding time 
(t0), and the rising time (th). Precise growth conditions of modulation pattern were listed in Table 1. 
Orientation of the grown crystal was determined by X-ray pole-figure measurements using the high speed X-ray 
detection system (Bulker D8 Discover). Samples for the observation of growth striation were prepared by polishing 
the crystals along the appropriate orientation. The growth striations were appeared on the polished surface after 
mechanochemical polishing using colloidal silica. The surface of the samples was characterised by a Nomarski 
microscope and a scanning electron microscope with energy dispersive X-ray detector (SEM-EDX).  
      
Run material HG1
[͠]
HG2
[͠]
tc , th
[min] 
t0
[min] 
NMC TGP
 [h] 
#0 FeSi2 876 864 20 10 252 336 
#1 Fe0.98Co0.02Si2 876 845 30 60 94 336 
#2 Fe0.98Co0.02Si2 876 845 30 120 51 339 
#3 Fe0.98Co0.02Si2 876 845 30 180 40 364 
3. Results and Discussion 
Figure 3 shows the crystals  (#1-#3) grown by the modified TGSG method. The grown crystals were small 
compared with those grown by conventional TGSG method under similar growth temperature and growth period. 
Table 2 list the amount of grown crystals and the growth rate of each growth runs. The growth rates of 0.78-4.59 
mg/h were much smaller than those of conventional TGSG ones (non-doped; 7-10mg/h, Co-doped; 5-7mg/h) due to 
the temperature modulation. In the Co-doped crystals, the growth rate increased with increasing the t0. This result 
suggests the importance of holding time for the crystal growth. 
Figure 4(a) and (b) show microphotographs of the cross-sectional surface of crystal #0 (non-doped) and #1 (Co-
doped), respectively.  Growth striations (step and terrace structure) were observed in the Co-doped crystals, while 
Fig. 2.  Temperature program pattern for modified 
TGSG. The inset is the modulation pattern of one cycle.
Table 1.  Growth conditions of the modified TGSG of E-FeSi2. In the table, NMC; Numbers of modulation cycles 
and TGP; total growth period. 
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Table.2.  the amount of grown crystals and the growth rate of each growth runs. 
they were not observed in non-doped ones. The numbers of striations coincide with that of modulation cycles. 
Furthermore, concentration of Co impurity was changed across the steps. These results indicate that the striation was 
introduced by the temperature modulation and the striations were formed due to the fluctuation of the Co impurity. 
Therefore, we can estimate the growth period during one modulation cycle by measuring the distance between the 
striations. From the observations of numbers of crystals, we found that the distance between the striations was in the 
order of 102 ȝm at beginning stage of the growth, whereas it decreases to 1ȝm or less with increasing the growth 
period. This result is able to understand by assuming the constant growth rate model, qualitatively. 
 The distance between the striations was greatly different depending on the growth direction. Figure 5(a) and (b) 
show the microphotograph observed on (100) face of the sample #2 and normalized growth ratio of <011>/<001> 
and <010>/<001>, respectively. Anisotropy of growth rate depending on the crystallographic direction was clearly 
observed. Although the fluctuation of growth ratio is not small, we can see that the growth rates along <011> and 
<010> directions are larger than that along <001> direction throughout the whole modulation cycles, and the largest 
average growth rate is observed along <011> direction.  
        (a)  #1(t0=60[min])                                (b)  #2(t0=120[min])                            (c)  #3(t0=180[min]) 
(a) )
Run t0[min] Amount of crystals [g] Growth rate[mg/h] 
#0 10 1.260 3.75 
#1 60 0.263 0.78 
#2 120 0.607 1.79 
#3 180 1.669 4.59 
Fig.3.  Growth crystals with Co vs. the holding time (t0)
(a) (b)
Fig.4.  Cross sectional microphotographs of ȕ-FeSi2 single crystals grown from (a) non-doped FeSi2 source #0 
and (b) Co-doped FeSi2 source #1. 
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(a)                                                                                         (b) 
Fig.5. (a) Cross-sectional microphotograph of (100) face of the sample #2 and (b) relationship between the number 
of modulation cycle and normalized growth ratio of <010>/<001> and <011>/<001>. 
4. Conclusion 
We have grown ȕ-FeSi2 single crystals by a temperature modulated temperature gradient solution growth 
method to examine the growth process of ȕ-FeSi2 single crystal. Growth striations corresponding to the temperature 
modulation cycles were observed clearly by adding Co impurity in the crystal. On the other hand, no striation was 
observed in the crystals grown without Co-doping. SEM-EDX observations revealed that these growth striations 
were due to the difference of Co concentration, which was introduced by the temperature modulation. The growth 
process of ȕ-FeSi2 was qualitatively explained by the constant growth rate model, qualitatively. The growth rates of 
ȕ-FeSi2 along <011> and <010> directions were larger than that of <001>. 
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